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Abstract
The NS3 protein of Japanese encephalitis virus (JEV) is a large multifunctional protein possessing protease, helicase, and nucleoside 5′-
triphosphatase (NTPase) activities, and plays important roles in the processing of a viral polyprotein and replication. To clarify the enzymatic
properties of NS3 protein from a structural point of view, an enzymatically active fragment of the JEV NTPase/helicase catalytic domain was
expressed in bacteria and the crystal structure was determined at 1.8 Å resolution. JEV helicase is composed of three domains, displays an
asymmetric distribution of charges on its surface, and contains a tunnel large enough to accommodate single-stranded RNA. Each of the motifs I
(Walker A motif), II (Walker B motif) and VI was composed of an NTP-binding pocket. Mutation analyses revealed that all of the residues in the
Walker A motif (Gly199, Lys200 and Thr201), in addition to the polar residues within the NTP-binding pocket (Gln457, Arg461 and Arg464), and also
Arg458 in the outside of the pocket in the motif IV were crucial for ATPase and helicase activities and virus replication. Lys200 was particularly
indispensable, and could not be exchanged for other amino acid residues without sacrificing these activities. The structure of the NTP-binding
pocket of JEV is well conserved in dengue virus and yellow fever virus, while different from that of hepatitis C virus. The detailed structural
comparison among the viruses of the family Flaviviridae should help in clarifying the molecular mechanism of viral replication and in providing
rationale for the development of appropriate therapeutics.
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The genus Flavivirus within the family Flaviviridae contains
many arthropod-borne viruses, such as Japanese encephalitis
virus (JEV), West Nile virus (WNV), dengue virus (DEN),
yellow fever virus (YFV) and tick-borne encephalitis virus. JEV
is still one of the most important flaviviruses in medical and
veterinary fields despite the wide availability of inactive vac-⁎ Corresponding author. Department of Molecular Virology, Research
Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita-shi,
Osaka 565-0871, Japan. Fax: +81 6 6879 8269.
E-mail address: matsuura@biken.osaka-u.ac.jp (Y. Matsuura).
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doi:10.1016/j.virol.2007.12.018cines. JEV is distributed in the south and southeast regions of
Asia and kept in a zoonotic transmission cycle between pigs or
birds and mosquitoes (Solomon et al., 2003; Tsai, 2000). JEV
spreads to dead-end hosts, including humans, through the bite
of mosquitoes infected with JEV and causes infection of the
central nervous system, with a high mortality rate. JEV has a
plus-sense single-stranded RNA genome approximately 11 kb
in length, which is capped at the 5′ end but lacks modification of
the 3′ terminus by polyadenylation. The genome is translated
into a single precursor polyprotein which is subsequently pro-
cessed by host and viral proteases to produce three structural
proteins, C, prM and E, and seven non-structural proteins, NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Sumiyoshi et al.,
427T. Yamashita et al. / Virology 373 (2008) 426–4361987). NS3 is a multifunctional protein of 619 amino acid
residues. The N-terminal one-third of NS3 has a serine protease
activity that participates in the processing together with a co-
factor protein NS2B. The NS3 protein also has a catalytic do-
main for helicase, nucleoside 5′-triphosphatase (NTPase), as well
as 5′-terminal RNA triphosphatase activities in the C-terminal
two-thirds. Functionally, the enzymatic activities of helicase and
ATPase have been confirmed in the NS3 proteins derived from
several members of the family Flaviviridae, including viruses
from the genus Flavivirus, such as JEV, DEN, YFV, and from the
genus Hepacivirus, such as hepatitis C virus (HCV) (Cui et al.,
1998; Kuo et al., 1996; Li et al., 1999b; Warrener et al., 1993;
Wengler and Wengler, 1991). Although the precise biological
functions of the helicase/NTPase domain are unclear, one possible
explanation is that the domain may resolve double-stranded RNA
intermediates formed during transcription or replication of
genomic RNA. The DEN mutants impaired in NTPase and
helicase activities displayed little or no replication (Matusan et al.,
2001), suggesting that flaviviral helicase/NTPase is essential for
the viral life cycle and could be an ideal target for the development
of antiviral drugs.
Helicases are motor enzymes that use energy derived from
NTP hydrolysis to catalyze the unwinding and remodeling of
double-stranded nucleic acids, and they are classified into threeFig. 1. Genome structure of JEV, crystals of JEV NS3 helicase/NTPase, and the thre
motifs in JEV helicase domain. (B) Crystals of JEV NS3 helicase/NTPase domain ob
NS3 helicase/NTPase domain shows domain 1 and 2 at the top and domain 3 at the
motif Ia, red; motif II, cyan; motif III, orange; motif IV, pink; motif V, blue; motif VI
broken line. The upper view of the JEV helicase/NTPase domain is shown at right.superfamilies based on sequence comparison and conserved
motifs (Luking et al., 1998). Helicase can be further classified into
DEAD, DExD, and DExx subfamilies based on the sequence of
motif II (Ahmadian et al., 1997; Luking et al., 1998; Schmid and
Linder, 1992). All helicases bind NTP using two structural
elements, the motif I/Walker A motif, which is a phosphate-
binding P-loop, and themotif II/Walker Bmotif, which is aMg2+-
binding aspartic acid loop (Koonin, 1991). NS3 helicases of
flaviviruses and HCVare classified into superfamily 2 (Kim et al.,
1997; Utama et al., 2000a,b). Superfamily 2 RNA helicases, also
called DEA(D/H)-box helicases after the signature sequence in
the Walker B motif, have seven conserved motifs, and these
motifs are suggested to be associated with NTP hydrolysis and
nucleic acid binding (Fig. 1A). Recently, a conserved Q motif
upstream of the Walker A motif was reported to be essential for
the ATPase activity of DEAD-box helicases (Tanner et al., 2003).
Utama et al. have shown that the motif II (DExH/D) of both JEV
and HCV NS3 proteins is essential for RNA helicase and ATPase
activities (Utama et al., 2000a,b). The crystal structures have been
reported for several helicases, including the DNA helicase PcrA
from Bacillius stearothermophilus (Subramanya et al., 1996) and
Rep from Escherichia coli (E.coli) (Korolev et al., 1997) of the
superfamily 1 and the NS3 helicases from DEN, YFV, and HCV
(Cho et al., 1998; Kim et al., 1998; Yao et al., 1997; Yao et al.,e-dimensional structure. (A) Genome structure of JEV and the seven conserved
tained in the drop after 5 days of incubation. (C) The ribbon diagram of the JEV
bottom (left). The seven helicase motifs are colored separately (motif I, purple;
, green). Two regions, 245–252 and 413–415, are disordered and displayed as a
Table 1
Data collection and refinement statistics
Diffraction data
X-ray source SPring-8 BL44-XU
Detector Mac Science DIP6040
Temperature (K) 100
Space group P21
Unit–cell parameters
a (Å) 59.31
b (Å) 68.31
c (Å) 65.48
β (°) 116.89
X-ray wavelength (Å) 0.9000
Resolution range (Å) 50–1.80 (1.86–1.80)
Total reflections 83514 (8266)
Multiplicity 4.2 (4.2)
Rmerge
a 0.051 (0.434)
Completeness (%) 99.9 (99.5)
I/sigma I 20.8 (3.8)
Refinement statistics
Resolution range (Å) 20–1.8
Unique reflections 42747 (4264)
R (%) 19.7
Rfree (%) 24.7
RMSD bond length (Å) 0.016
RMSD bond angle (Å) 1.611
Water molecules (no.) 413
Values in square brackets refer to the highest resolution shell.
a Rmerge = RhklRijI hklð ÞihI hklð Þ=RhklI hklð Þij, where I(hkl)i is the ith
measurement of the intensity of reflection hkl and hI hklð Þiis the mean intensity
of reflection hkl.
428 T. Yamashita et al. / Virology 373 (2008) 426–4361999) and UvrB from Bacillus caldotenax (Theis et al., 1999),
which are members of the superfamily 2. These structural studies
revealed that the helicasemotifs constitute anNTPase activity site
at the interface of two domains and that a cleft between these two
domains and a third is a binding site for single-stranded nucleic
acids, suggesting that the same mechanisms underlie NTP
hydrolysis and strand unwinding. However, Borowski et al.
have shown that the inhibitory effects of halogenated benzimi-
dazole and benzotriazole derivatives against NTPase and the
helicase activities of NS3 proteins varied among JEV, WNVand
HCV, suggesting that the enzymatic active sites of these viruses
are structurally different (Borowski et al., 2003).
In this study, we examined a refined three-dimensional struc-
ture of the JEV helicase/NTPase domain. The three-lobed struc-
ture displays an asymmetric distribution of charges on its surface
and contains a tunnel large enough to accommodate single-
stranded RNA. The overall structure is similar to other flavivirus
helicases (Wu et al., 2005; Xu et al., 2005; Yao et al., 1997) and
each of the motifs I, II and VI is composed of an NTP-binding
pocket. Mutation analyses revealed that the residues in theWalker
A motif and the motif VI were crucial for not only ATPase and
helicase activities but also virus replication. The detailed struc-
tural comparison among members of the family Flaviviridae
should provide further insight into the molecular mechanisms of
viral RNA replication.
Results
Overall structure
The structure of the JEV helicase/NTPase domain (amino acid
residues 171 to 619) was determined using the molecular
replacement method based on data collected at 1.8 Å resolution.
A summary of the data collection, phasing, density modification
and structure refinement statistics is shown in Table 1. JEV NS3
helicase is composed of three domains of roughly equal size with
DEN, YFV and HCV helicases (Fig. 1C). Like other helicases,
each domain 1 or 2 of the JEV helicase forms anα/β domain with
aRecA-like topology. The available structures suggest that nucleic
acids bind across the interface of two RecA-like fold domains
(Velankar et al., 1999). Domain 1 (amino acid residues 171–328)
is composed of fourα-helices and fiveβ-sheets. The cluster of the
β-strands is surrounded by three of the four α-helices. The seven
sequence motifs of superfamily 2 helicases (Koonin, 1991) were
assigned to domains 1 and 2 (Fig. 1A). Domain 1 has two ATP-
binding motifs, Walker A (motif I; GSGKT) and Walker B (motif
II; DEAH), which are conserved among three helicase super-
families.Domain 2 (amino acid residues 329–482) is composed of
three α-helices and eight β-strands and divided into two subunits.
One subunit is surrounded by six β-strands and three α-helices,
and the other has two β-strands penetrating into domain 3. The
motifs Ia, II andV face each other across the domain boundary and
participate in a tight configuration. An arginine finger in motif VI
(QRRGRVGR) in domain 2 is thought to be crucial for NTP
hydrolysis (Ahmadian et al., 1997; Caruthers and McKay, 2002;
Niedenzu et al., 2001). Domain 3 (amino acid residues 483–619)
is composed of seven α-helices and two β-strands.NTP-binding region
To examine the ATP-binding state of the JEV helicase, a
hypothetical ATP-binding model was built (Fig. 2). The model
showed that an ATP molecule was localized with the cleft
between domains 1 and 2 (Fig. 2A). In the ATP-binding pocket
formed by the cleft, an ATP molecule was associated with the
Walker A motif (motif I), Walker B motif (motif II), and motif
VI (Fig. 2B). All residues in these motifs were well conserved
among the DEAH-box helicase proteins (Schmid and Linder,
1992). Based on the crystal structure of JEV helicase, positively
charged residues, Lys200, Arg461 and Arg464 are present in the
pocket of the active sites of motifs I, II and VI. Lys200 protrudes
into the pocket, recognizes the β-or γ-phosphate of ATP and
forms a salt bridge with Asp285 and Glu286 for stabilization of
the active site structure. Arg461 and Arg464 in motif VI form an
arginine finger, work as sensors recognizing the γ-and α-
phosphate of ATP, and are critical for conformational switching
upon ATP hydrolysis (Ahmadian et al., 1997; Caruthers and
McKay, 2002; Niedenzu et al., 2001). One water is coordinated
with residues Glu286, His288 and Gln457 at distances of 2.73 Å,
2.67 Å and 4.0 Å, respectively. His288 is essential for RNA-
unwinding activity (Utama et al., 2000a,b).
Nucleic acid-binding site
The domain 3 of JEV helicase interacts with domains 1 and 2 to
form a groove at the domain boundary (Fig. 3). Among the
Fig. 2. A hypothetical ATP-binding model of the JEV helicase/NTPase. (A) Overall structure of the JEV helicase/NTPase domain with an ATP molecule. Orientation
of the structure is identical with the Fig. 1C. The ATP molecule is localized in the cleft between the domains 1 and 2. (B) An ATP-binding pocket formed by the motifs
I, II and IV. The residues consist of the ATP-binding pocket are indicated by colored atoms (C, gray; N, blue; O, red). An ATP molecule is indicated by colored atoms
(C, green; N, blue; O, red; P, orange). Lys200 recognizes β-or γ -phosphate of ATP and forms a salt bridge with Asp285 and Glu286 for stabilization of the active site
structure. Arg461 and Arg464 in motif VI form an arginine finger, work as sensors recognizing the γ-, β- and α-phosphate of ATP, respectively. The water molecule is
coordinated by residues Glu286, His288 and Gln457. His288 is essential for the RNA-unwinding activity.
429T. Yamashita et al. / Virology 373 (2008) 426–436members of the family Flaviviridae, the structure of HCV helicase
has been resolved as a helicase–nucleic acid complex (Kim et al.,
1998), in which an oligomer (dU)8 is bound to the cleft between
domain 3 and domains 1 and 2, with the 5′ and 3′ ends beneath the
domains 2 and 1, respectively. The crystal structures of other
helicases resolved with nucleic acids are superfamily 1 helicases
PcrA and Rep in which a DNA duplex is bound along the side
of the protein shared by domain 2 and the analog of domain 3
(Korolev et al., 1997; Velankar et al., 1999). Based on the
common binding orientation in these complexes, we assumed
that a single-stranded RNA proceeds through the major inter-
domain cleft of the flavivirus helicase from the domain 2 side
toward the domain 1 side of the protein. The structure of JEV
helicase reveals that one surface has a rigid structure composed
of α-helices and β-strands forming a long tunnel surrounded
by residues emanating from the three domains that cross the
center of the face, whereas the other surface is more negatively
charged (Fig. 3). This tunnel is lined with a number of
positively charged residues, with several basic patches able to
accommodate a single-stranded nucleic acid, but not a duplex.
JEV helicase contains an unusually high proportion of charged
residues and the distribution of these residues on its surface is
asymmetric just as in DEN, YFV and HCV (Wu et al., 2005;
Xu et al., 2005; Yao et al., 1997). These data suggest that
electrostatic repulsion might be involved in the RNAwinding.
Comparison of flavivirus helicases
Previous structural analyses of the helicases of DEN, YFV,
and HCV revealed that these viral helicases have highlysimilar structures consisting of three functional domains (Wu
et al., 2005; Xu et al., 2005; Yao et al., 1997). The amino acid
sequences of the NS3 helicase domain of JEV exhibited 65%,
44% and 23% homology to those of DEN, YFV and HCV,
respectively. The crystal structures of the NS3 helicases of
DEN (Xu et al., 2005) and YFV (Wu et al., 2005) are similar
to that of JEV but slightly different from HCV (Yao et al.,
1997). The distance between domains 1 and 2 of HCV
helicase is longer than that in flavivirus NS3 helicases,
indicating that the HCV helicase has an ATP-binding pocket
with a larger volume than other flaviviruses, and the folding of
domain 3 the HCV helicase is unique while that of JEV is very
similar to those of other flaviviruses, including DEN and YFV
(Fig. 4A). Superposition of JEV, DEN, YFV, and HCV
helicases further clarified that the HCV helicase has a unique
conformation in the NTPase-binding region and domain 3 in
comparison with JEV, DEN, and YFV helicases (Fig. 4B). In
particular, the conformation of motifs I and II of HCV helicase
were different from that of JEV, DEN, and YFV helicases
(Fig. 4C). The distance between motifs I and II of Cα of HCV
and the other flaviviruses were 6.7 Å and 3.5 Å, respectively.
The distance of Nz of Lys200 in the motif I was different in
4.7 Å between JEV and HCV, suggesting that HCV helicase
has a wider ATP-binding pocket than other flaviviruses. In
contrast to the structure of motifs I and II, that of motif VI was
well conserved among the flavivirus helicases, including HCV.
Although a subtle difference is observed, the ATP-binding
residues in JEV, DEN, YFV, and HCV helicases are well
conserved, suggesting that flavivirus helicases possess similar
mechanisms of ATP hydrolysis.
430 T. Yamashita et al. / Virology 373 (2008) 426–436ATPase and RNA helicase activities
Amino acid residues in the motif II of JEV helicase have
been already shown to be essential for RNA helicase activity
(Utama et al., 2000a,b). To determine the biological signifi-
cance of each amino acid residue in motifs I and VI of the JEV
helicase in more detail, substitution mutants of the JEV helicase
were prepared as shown in Fig. 5A. Structural analyses of heli-
cases revealed that the amino group of Lys in the Walker A
motif interacts with the phosphates of ATP and the hydroxyl of
Thr or Ser in the same motif, and ligates a Mg2+ion (Sengoku
et al., 2006). A critical role of Gly and Lys in the Walker A motif
in the enzymatic and/or biochemical functions has been
reported in HCV and DEN helicases (Kim et al., 1997). First,
to examine the role of Gly199, Lys200 and Thr201 residues in the
Walker A motif of the JEV helicase on the enzymatic activity,
mutant JEV helicases, G199A, K200A and T201A, in which
Ala was substituted for each amino acid residue, were prepared
(Fig. 5B, left). All the mutants lost both the ATPase and helicase
activities, suggesting that Gly199, Lys200 and Thr201 are crucial
for the enzymatic activity of JEV helicase (Fig. 5C and D).
From the revealed structure of JEV helicase, it was suggested
that an appropriate length of a side chain of Lys200 plays an
important role in the electrostatic interaction with the substrate
in NTP hydrolysis. To examine the role of the side chain of
Lys200 on the enzymatic activity of JEV helicase, we con-
structed mutant JEV helicases, K200R, K200Q, K200N,
K200D, K200E and K200H, in which the polar amino acid
residues, Arg, Gln, Asn, Asp, Glu and His were substituted for
Lys200 in the Walker A motif, respectively. Although SDS-
PAGE analysis verified that the mutant helicase proteins hadFig. 3. Surface representation of the JEV NS3 helicase/NTPase domain. The left panel
and β-strands and forming a long tunnel surrounded by residues emanating from the th
colored blue and negative ones are colored red. The right panel provides a view of the oth
of more negatively charged. The proposed binding groove for an RNA substrate (pinkpurities and loading quantities similar to the wild type helicase
(Fig. 5B), neither ATPase nor RNA helicase activity was
detected in the mutant proteins (Fig. 5C and D), suggesting that
Lys200 in the ATP-binding pocket is an indispensable amino
acid and plays a critical role in the enzymatic activity of JEV
helicase by providing a side chain with an adequate charge and
length to fit with the substrate.
The Arg461 and Arg464 within the arginine finger
(xR458xG460R461xxR464) in the motif VI were suggested to
be the active sites of ATP hydrolysis (Ahmadian et al., 1997).
To further examine the role of the amino acid residues in the
motif VI in ATP hydrolysis and RNA unwinding in more detail,
we constructed a series of Ala substitution mutants, Q457A,
R458A, R459A, G460A, R461A, V462A, G463A, and R464A
(Fig. 5B, right). The R461A and R464A mutants completely
lost ATPase activity and the Q457A and R458A mutants
exhibited 80% and 90% reduction of ATPase activity, respec-
tively (Fig. 5C), whereas all four of these mutants lost RNA
helicase activity (Fig. 5D). These results suggest that Gln457,
Arg461 and Arg464 in the ATP-binding pocket participate in the
enzymatic activities of JEV helicase by interacting with the
substrate, and Arg458, which is located outside of the ATP-
binding pocket, may help to support the helix conformation of
motif VI in an enzymatically active state. Although the con-
served amino acid residues in the arginine finger were sug-
gested to be essential for enzymatic activity, substitution of Ala
for Gly460 had no effect on either ATPase or RNA-unwinding
activities, as seen in the mutants in which non-conserved amino
acid residues such as Gly463, Val462 and Arg459 were sub-
stituted for Ala, suggesting that Gly460 does not play an im-
portant role in the enzymatic activity of JEV helicase. Toshows a nucleotide-binding face exhibiting a rigid structure composed of α-helices
ree domains that across the center of the face. Positive electrostatic potentials are
er surface rotated by 180° around a vertical axis exhibiting a flat structure consisting
lines) is shown.
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replication of JEV, we constructed full-length JEV genomic
RNAs in which the amino acid residues in motifs I and VI were
substituted. Mutations in the JEV helicase abrogating the en-
zymatic activities are lethal and no infectious virus was re-
covered (G199A, K200A, T201A, Q457A, R458A, R461A,
and R464A) upon transfection of the full-length RNA into Vero
cells, whereas infectious viruses were recovered upon transfec-
tion with RNA of the wild type and the G460A mutant
possessing the enzymatic activities (data not shown). These
results suggest that the amino acids in motifs I and VI par-
ticipating in the ATPase/helicase activity are indispensable for
viral replication as reported in DEN (Matusan et al., 2001).
Discussion
All viruses are thought to functionally require helicase for
their replication. In general, most RNA viruses that replicate
primarily in the cytoplasm carry a self-encoding helicase,
whereas DNA viruses that replicate primarily in the nucleus
often utilize a cellular helicase (Kwong et al., 2005). In thisFig. 4. Comparison of flavivirus NS3 helicase/NTPase domains. (A) Crystal struc
accession code 2BHR), YFV (Protein Data Bank accession code 1YKS) and HCV (P
NTPase domain. Gray: DEN and YFV; red: HCV; blue: JEV. (C) Superimposition of
blue; O: red).study we determined the crystal structure of the JEV NS3
helicase/NTPase domain and investigated the roles of the amino
acids in the conserved sequence motifs on the enzymatic
activities and virus replication. With respect to the overall
structure, JEV helicase exhibited a three-dimensional structure
that was similar to the DEN and YFV helicases, but was slightly
different from that of the HCV helicase in the ATP-binding
pocket and domain 3.
The motif I or Walker A motif is conserved in all three
helicase superfamilies and involved in the binding to the β or γ
phosphate group of NTPs. The motif II or Walker B motif is also
present in all the superfamilies and predicted to bind to Mg2+,
forming a complex with the terminal phosphates of the NTPs.
The signature NTP-binding sequence GSGKT, is located at the
N-terminus of the α-helix in the Walker A motif and in close
proximity to an invariant Asp localized within the DExH box in
the Walker B motif. In the absence of substrate, the side chains
of the Walker A and B motifs formed hydrogen bonds with each
other and also with residues within a conserved TATPP se-
quence in the motif III. Interactions included a salt bridge
between Lys and Asp side chains between Walker A and Btures of the NS3 helicase/NTPase domains of JEV, DEN (Protein Data Bank
rotein Data Bank accession code 1HEI). (B) Superimposition of each of helicase/
motifs I, II and VI. The side chains are indicated by colored atoms (C: gray; N:
Fig. 5. ATPase and RNA helicase activities of the JEV NS3 helicase/NTPase domain. (A) Mutations introduced into amino acid residues of motif I (red) and motif VI
(blue). (B) SDS-PAGE analysis of the purified JEV NS3 helicase/NTPase domain. One μg of the wild type or mutant proteins was subjected to SDS-PAGE and stained
with Coomassie brilliant blue. The molecular mass of the JEV NS3 helicase/NTPase domain was about 54 kDa. (C) ATPase activities of the wild type and mutant
proteins. The colorimetric NTPase assay was conducted by measuring the amount of free phosphate moiety release from nucleoside triphosphate as described in the
Materials andmethods.WTw/oMgmeansATPase activity ofWThelicase in the absence ofMg2+. The value obtained by using thewild type helicase is defined as 100%.
(D) RNA helicase activities of wild type and mutant proteins. A schematic representation of the dsRNA substrate used in the unwinding assay is shown at the top of the
figure. The representative images of RNA helicase assays are shown at the middle and bottom. The substrate dsRNA and unwinding ssRNA are indicated by arrows.
432 T. Yamashita et al. / Virology 373 (2008) 426–436motifs. Structural comparisons identified the TATPP sequence
located at the end of the β-strand between Walker A and B
motifs and suggested that this sequence made up part of the
‘switch region’ responsible for the transition of conformational
changes upon NTP hydrolysis (Kim et al., 1998).
Based on the crystal structure of JEV helicase, Lys200 is a
polarity residue projecting into the ATP-binding pocket in motif
I, suggesting that Lys200 interacts with β or γ-phosphate of ATP.
We therefore constructed mutant helicases in which Lys200 was
substituted for several other polarity residues. We speculated
that a substitution of Lys200 for Arg retains the ATPase and
RNA-unwinding activities, because both Lys and Arg are po-
sitively charged residues; however all mutants completely lost
the enzymatic activities. These results suggest that Lys200 in
motif I is indispensable for the activity due to its adequate
polarity and sufficiently long side chain as well as its failure
form a salt bridge with Asp285 and Glu286. Although the other
residues, Gly199 and Thr201, in motif I do not have side chains tointeract with the substrate, replacing these residues with Ala
also abrogated the activity. In PcrA and Vasa, Thr in motif I was
coordinated with Mg2+(Sengoku et al., 2006; Velankar et al.,
1999), suggesting that Gly199 and Thr201 in JEV helicase are
important to sustain the conformation of the Walker A motif and
that Mg2+may be coordinated with Thr201 via an arrangement
mediated by water.
The motif II or Walker B motif has a DEx(D/H) sequence
known as theATP-bindingmotif, andmutation analyses revealed
that any residues would be accommodated in the x position
(Marians, 1997). JEV helicase, a bovine diarrhea disease virus
NS3 protein, HCV helicase, and E. coliUvrB have Ala, Tyr, Cys
and Ser residues at the x position, respectively (Nakagawa et al.,
1997). Previous mutational analyses in the DEAH motif of JEV
helicase revealed that Asp285 and Glu286 in the motif were
essential for both ATPase and RNA helicase activities, whereas
Ala287 and His288 in the motif were indispensable for RNA
helicase activity but not for ATPase activity (Utama et al.,
433T. Yamashita et al. / Virology 373 (2008) 426–4362000a). Ala287 in the DEAH motif lacks a side chain interacting
with substrate, and we therefore speculate that Asp285 coordi-
nates Mg2+via a mediating by water, and Asp285 and Ala287 are
important to sustain the conformation of motif II by forming salt
bridge with Lys200. Although His288 is too far away to be
considered an active site, our structural analyses suggest that
His288 in the DEAH motif is required for helicase activity and
plays a role in the NTP hydrolysis reaction by mediating the
water.
The mutant JEV helicases in which Ala was substituted for
Gln457, Arg458, Arg461 or Arg464 in the active site of motif VI,
but not those in which Ala was substituted for Arg459, Gly460,
Val462 or Gly463, exhibited a drastic reduction in the ATPase and
helicase activities. Mutations of Arg in the motif VI of HCV
helicase completely abrogated both ATPase and helicase
activities (Kim et al., 1997), and R457A and R458A mutants
of DEN helicase retained the NTPase activity but lost the RNA-
unwinding activity (Matusan et al., 2001). However, a full-
length DENNS3mutant in which Ala was substituted for Arg457
and Arg458 exhibited a severe reduction in ATPase activity, but a
two-fold increase in the helicase activity. The discrepancy in
DEN helicase activity might be attributable to an approximately
30-fold higher activity in the full-length NS3 protein than in the
N-terminally truncated helicase protein (Li et al., 1999a). Arg461
and Arg464 of JEV helicase interact with γ-and α -phosphate of
ATP respectively, and Gln457 also interacts with γ-phosphate of
ATP and coordinates water for NTPase hydrolysis with His288.
These results suggest that the arginine finger in motif VI of JEV
helicase works as a sensor of substrate recognition and the
binding pocket of NTPs plays an important role in the interaction
with water, substrates and divalent cations.
The crystal structure of JEV helicase revealed a tunnel lined
with a number of basic residues sufficient for accommodating a
single-stranded nucleic acid. A conserved Trp501 in domain 3 of
HCV helicase is stacked with one of the bases of the nucleic
acid and is required for its RNA helicase activity, and ATP
binding and hydrolysis are suggested to cause rotation of do-
main 2 relative to domains 1 and 3, which leads to translocation
of the protein by one or two bases as the protein ratchets like an
inchworm along the strand below domains 1 and 2 (Kim et al.,
1998; Kim et al., 2003). In contrast to HCV helicase, flavivirus
helicases have no conserved aromatic residue at either end of
the presumed single-stranded RNA-binding cleft. In DEN
helicase, the pocket next to Ile365 could act as a ‘helix opener’
by disrupting hydrogen bonds at the fork, and the basic concave
face between domains II and III would act as a ‘translocator’ by
binding dsRNA ahead of the fork (Sampath et al., 2006).
Helicases catalyze various functions such as unwinding the
strands of double-helical DNA, removing secondary structures
in RNA, and displacing proteins bound to nucleic acid by
moving along the nucleic acid unidirectionally either in the 5′ to
3′ or the 3′ to 5′ direction. HCV helicase binds to a substrate
with a five-base ssDNA tail at the 3′ end 50 times tighter than a
similar substrate with a five-base tail at the 5′ end and unwinds
substrates in the 3′ to 5′ direction (Levin et al., 2005). There-
fore, JEV helicase structurally similar to HCV helicase may
translocate dsRNA in the 3′ to 5′ direction.In JEV helicase, residues interacting with the phosphodiester
backbone may include Arg226 (motif Ia), Lys367 (motif IV),
Arg388, Lys389, Arg539 and Arg609. These residues are well
conserved in helicases of DEN and YFV, suggesting that re-
sidues that participate in the RNA unwinding of flavivirus
helicase are different from HCV helicases.
Although the motifs in the active sites of the RNA helicases
are well conserved among flaviviruses, HCV, WNV and JEV
helicases exhibited a divergent sensitivity to the inhibitors (Bo-
rowski et al., 2003), suggesting that these differences are
obtained during the evolutional adaptation of each virus to their
hosts. Very recently, a single amino acid substitution of Pro for
Thr249 in the NS3 helicase in a WNV strain with low virulence
was shown to be sufficient to generate a virus highly virulent to
the American crow (Brault et al., 2007). These results further
support the importance of viral helicase for the adaptation of
RNA viruses to the changing environment. Many RNA heli-
cases remain to be investigated and further structural analyses of
the RNA helicases will provide clues for the development of
broad-spectrum or specific antiviral drugs for the treatment of
flavivirus infection.
Materials and methods
Expression and purification of JEV NS3 helicase/NTPase
A cDNA encoding the JEV helicase/NTPase domain (amino
acid residues 171 to 619 of the AT31 strain) was amplified by
polymerase chain reaction (PCR) with the synthetic DNA
primers, 5′-AAGAATTCAGCGCCATCGTGCAGGGTGA-3′
and 5′-AACTCGAGTCTCTTTCCTGCTGC-3′. A 1.4 kb re-
gion of the PCR-amplified DNA fragment was digested with
EcoRI and XhoI, and cloned into the corresponding cloning
sites of the E. coli expression vector, pET21b (Novagen, San
Diego, CA). The expression product is composed of 449 amino
acid residues of JEV NS3 helicase/NTPase with the vector-
derived 14 amino acid residues at the N-terminus and 6 ami-
no acid residues containing a His-tag (histidine hexamaer) at the
C-terminus. The His-tagged JEV helicase/NTPase was ex-
pressed in the E. coli BL21 (DE3) pLysS strain in the presence
of 1 mM isopropyl β-thiogalactoside for 5 h at 20 °C and the
bacteria were sonicated in a buffer [20 mM Tris–HCl (pH 8.0)
and 500 mM NaCl] with 40 mM imidazole. After centrifuga-
tion, the supernatant was applied to a NiTrap HP column (GE
Healthcare, Tokyo, Japan) and the resulting nickel-binding
proteins were eluted under a linear gradient of 40–400 mM
imidazole in the same buffer. After passage through a gel fil-
tration column (HiLoad 16/60 Superdex 200 pg; GE Health-
care), the recombinant protein was applied to an anion exchange
column (HiTrap Q; GE Healthcare) and eluted under a linear
gradient of 100–400 mM NaCl in 20 mM Tris–HCl buffer (pH
8.0). The final product consists of 469 amino acid residues
containing the JEV NS3 NTPase/helicase domain flanked by 14
and 6 amino acid residues at the N-and C-terminus, respectively.
Substitution of Ala for the JEV helicase at amino acid residues
Gly199, Lys200, Thr201, Gln457, Arg458, Arg459, Gly460, Arg461,
Val462, Gly463 and Arg464, and mutation at residue Lys200 to
434 T. Yamashita et al. / Virology 373 (2008) 426–436Arg, Gln, Asn, Asp, Glu, and His, respectively, were accomp-
lished by PCR-based mutagenesis.
ATPase assay
The colorimetric NTPase assay was conducted by measuring
the amount of free phosphate moiety released from nucleoside
triphosphate as described previously with minor modifications
(Xu et al., 2005). Briefly, 50 μl per well of a reaction mixture
containing 10 mM MOPS buffer (pH 6.5), 2 mM NTP, 1 mM
MgCl2 and 0.1 μg of purified JEV NS3 NTPase/helicase protein
was incubated in a 96-well plate at room temperature for
30 min, and 100 μl of dye solution (water: 0.081% malachite
green in water: 5.7% ammonium molybdate in 6 N HCl: 2.3%
polyvinylalchol in water=2:2:1:1, v/v) was added. Color
development was terminated by addition of 25 μl of 30%
sodium citrate after 5 min of incubation, and the absorbance at
620 nm was determined.
RNA helicase assay
The labeled single-stranded RNA fragment was synthesized
by Riboprobe Systems (Promega, Madison, WI) using a pSP72
DNA fragment linearized with BamHI as a template in the
presence of [α-32P]UTP (3000 Ci/mmol; GE Healthcare).
Plasmid pGEM-3Zf (+) (Promega) was linearized with EaeI and
non-labeled RNA fragment was prepared. The RNA transcripts
were resuspended in 100 μl of annealing buffer [10 mM Tris–
HCl (pH 8.5), 100 mM NaCl, 8 fmol of each transcript], boiled
for 5 min and hybridized at room temperature overnight. Sche-
matic representation of the double-stranded RNA substrate is
shown in Fig. 5D. The RNA helicase assay was carried out in
20 μl of helicase buffer containing 25 mMMES (pH 6.0), 2 mM
DTT, 2 mM MgCl2, 5 mM ATP, 1.25 U of RNase inhibitor
(Promega), 0.32 fmol of the RNA substrate and 0.1 μg of
purified JEV NS3 NTPase/helicase protein at 37 °C for 30 min.
The reaction was terminated with 5 μl of loading buffer
[100 mM Tris–HCl (pH 7.4), 5 mM EDTA, 0.5% SDS, 50%
glycerol, 0.1% xylene cyanol, 0.1% bromophenol blue] and
analyzed by 10% native polyacrylamide gel electrophoresis
(PAGE). The autoradiographic pattern was obtained by using a
BAS 1500 Image Analyzing System (Fujifilm, Tokyo, Japan).
Crystallization of JEV NS3 helicase/NTPase
Crystallization of the JEV NS3 helicase/NTPase domain was
carried out under conditions screened by the hanging-drop
vapor-diffusion method by Wizard I and II kits (Emerald
BioSystems, Bainbridge Island, WA). The purified protein so-
lution (2 μl) at a concentration of 10 mg/ml in a buffer [20 mM
Tris–HCl (pH 8.0) and 250 mM NaCl] was equilibrated with
0.4 ml of a reservoir solution containing 15% ethanol and
100 mM Tris–HCl (pH 7.0) at 25 °C. The size and quality of the
crystals were further improved by an addition of 4% penta-
erythritol etoxylate (3/4 EO/OH). As a result, single crystals
with dimensions of 0.5×0.3×0.2 mm were obtained in the drop
after 5 days of incubation (Fig. 1B).Data collection and processing
The crystal of the JEV NS3 helicase/NTPase domain was
soaked in the reservoir solutionwith 30% (w/v) glycerol for 1 min
and mounted in nylon CryoLoops (Hampton Research, Aliso
Viejo, CA). Then, it was placed directly into a nitrogen stream at
100K. Data were collected at a beamline BL44XU of SPring-8
(Hyogo, Japan) using a DIP6040 imaging plate (Mac Science,
Yokohama, Japan). The oscillation ranges were 200˚ with
oscillations per frame being 1˚. Oscillation data were recorded
in frame 1˚ oscillation with 3-second exposure time for each
image. The data were processed using the computer program
HKL2000. The statistics of the diffraction data are summarized in
Table 1. The space group was determined to be monoclinic P21.
Assuming that there is onemolecule of JEVNS3 helicase/NTPase
domain in the asymmetric unit, the value of theMatthews content
VM (Matthews, 1968) is 2.2 Å
3 Da−1, corresponding to a solvent
content of 48%, both of which are within the normal range of
values for protein crystals (Matthews, 1968).
Phasing model building, structure refinement, and analysis
The structure model was determined by the molecular re-
placement method using Molrep (Vagin and Teplyakov, 2000).
The DEN helicase/NTPase domain (Protein Data Bank entry
2BHR) (Xu et al., 2005) was used as an initial search model. All
refinement were carried out using REFMAC (Murshudov et al.,
1997). About 50% of the model was autobuilt into the 1.8 Å
electron density using wAPR (Perrakis et al., 1997). An es-
sential complete model was built into this map with program O
(Jones et al., 1991). The refined model consisted of JEV
helicase/NTPase domain in an asymmetric unit. The final co-
ordinates and structure factor have been submitted to the Protein
Data Bank with accession number 2Z83. In a final model, four
regions, amino acid residues 171 to 180, 245 to 254, 274 to 276
and 412 to 416, are disordered and not included. No residues are
in the disallowed region of the Ramachandoran plot. The final
statistics are summarized in Table 1. Figs. 1C, 2, 3, and 5Awere
drawn by using the program PyMol and Fig. 4 was drawn using
Molscript (Esnouf, 1999) and Raster 3D (Merritt and Murphy,
1994). The superposition of the structure and calculation of the
root mean square (RMS) deviation were carried out using the
program LASQKAB from the CCP4 suite (Collaborative
Computational Project Number 4, 1994). We calculated the
electrostatic potentials of the JEV helicase/NTPase domain by
GRASP program (Nicholls et al., 1991).
Hypothetical ATP-binding model
An ATP-binding model of the JEV helicase domain was built
with O (Jones et al., 1991) The structural data of the ATP
molecule was obtained from a PDB file, 1xdn.
Generation of JEV from plasmid
As described above, mutations in the JEV helicase were
introduced in the plasmid pMWJEATG1 carrying a full-length
435T. Yamashita et al. / Virology 373 (2008) 426–436cDNA of the JEVAT31 strain under the control of a T7 promoter
(Zhao et al., 2005) by PCR-based mutagenesis. The plasmid
DNAs encoding the wild type or mutant JEVs digested with
KpnI were used as templates for RNA synthesis. Capped, full-
length JEV RNAs were synthesized in vitro by an mMESSAGE
mMACHINE T7 kit (Ambion, Austin, TX), purified by pre-
cipitationwith lithium chloride, and used for electroporation into
Vero (African green monkey kidney) cells maintained in
Dulbecco's modified Eagle's minimal essential medium sup-
plemented with 10% fetal bovine serum as described previously
(Mori et al., 2005).
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